The Jeans scale is estimated during the coexistence epoch of quark-gluon and hadron phases in the first-order QCD phase transition. It is shown that, contrary to the previous claims, reduction of the sound speed is so little that the phase transition does not affect evolution of cosmological density fluctuations appreciably.
coexistence period of the quark-gluon and the hadron phases. If so, the Jeans scale would become vanishingly small and even sub-horizon-scale fluctuations should grow in this epoch.
This temporal decline of the Jeans length would imprint a nontrivial feature on the processed spectrum of fluctuations around the solar-mass scale [2] . Furthermore it has been suggested that such anomalous growth of perturbations could induce efficient formation of primordial black holes (PBH's) [1] . The resultant mass function of the PBH's would have a peak on the solar-mass scale which is about the scale of MACHO's. Thus the idea raised in [1] and [2] is very interesting and may be astrophysically important. Unfortunately, however, the actual evolution of the sound speed as well as the Jeans length has not been given in either paper and their claims have been limited to a qualitative level.
In the present Letter we present the result of explicit calculation of the sound speed using the bag model [4] . We first review how the quark-hadron phase transition proceeds in this model and then calculate the sound speed under two distinct conditions. In the bag model [4, 5] the energy density of the quark-gluon phase, ρ q , is the sum of that of the relativistic particles and the QCD vacuum energy density, namely, the bag constant, B.
where g q is the effective degree of relativistic freedom. g q ∼ = 51.25 when the number of species of relativistic quarks is two and g q ∼ = 61.75 when it is three. The pressure, p q , and the entropy density, s q , are given by
respectively. On the other hand, the energy density, ρ h , the pressure, p h , and the entropy density, s h , of the hadron phase are expressed as
respectively, where g h ∼ = 17.25 is the degree of relativistic freedom in this phase. At the coexistence temperature, T c , we have p q (T c ) = p h (T c ) and hence it is related with the bag constant by
In this model the phase transition from the high-density quark-gluon phase to the lowdensity hadron phase starts with bubble nucleation, whose probability per unit time per unit volume, P (T ), is given by [5] 
where L is the latent heat per unit volume of the phase transition, σ is the free energy per unit surface area of the bubble, C is a constant, and η, which represents the degree of super cooling, is defined by
The exponent of P (T ) is singular at T c and P (T ) vanishes then, but increases drastically when T drops slightly from T c .
Hence the phase transition is expected to proceed as follows. In the course of the cosmic evolution the cosmic temperature decreases and until T = T c the entire universe is occupied by the quark-gluon phase. At this temperature, the hadron phase dose not appear yet and the super cooling, T < T c , occurs. But only a small degree of super cooling, η ∼ 10 −3 , takes place actually since P (T ) soon becomes large [5] . Then the nucleation of the hadron phase starts and the universe is reheated by the latent heat up to T c so that the pressure equilibrium between two phases is realized and subsequent nucleation is suppressed. Afterwards the phase transition proceeds through expansion of nucleated bubbles, whose speed is small and estimated to be around 10 −3 [6] , keeping the balance between heating due to continuous liberation of latent heat and cooling caused by cosmic expansion. The temperature and the pressure stay constant in this stage. But the mean energy density,
decreases gradually from ρ q (T c ) to ρ h (T c ) as the volume fraction of the quark-gluon phase, f q , drops. In this epoch the scale factor expands by a factor of about (
It is in this coexistence regime that the authors of [1] and [2] suggested the sound speed to vanish. According to [1] , an adiabatic compression of the system in the equilibrium twophase mixture would induce conversion of the low-energy hadron phase into high-energy quark phase, and then the mean energy density would grow due to the change of f q but pressure would remain constant, implying that pressure response to change of energy density would be anomalously small and hence the sound speed should practically vanish.
In order to clarify if such an intuitive discussion is correct, we must first find a formula for the sound speed in an inhomogeneous medium consisting of the mixture of two different
phases. While such a problem has not been fully discussed in any cosmological context, it is a rather familiar issue in the field of engineering, e.g., propagation of sound waves in a water-vapor system in a boiler etc. [7] .
In the rest frame of the sound wave front * , suppose that the medium ahead of the wave front has the pressure, p, the temperature, T , the energy densities, ρ q and ρ h , the volume fraction of the quark-gluon phase, f q , and the flow velocity, c s , and that the medium behind it has p + dp, T + dT , ρ q + dρ q , ρ h + dρ h , f q + df q , and c s + du, respectively. Then the continuity equation reads
per unit area. The momentum equation is given by
From (11) we find
Inserting it to (12) we obtain c s = dρ dp
Thus the sound speed in a mixture is obtained by simply replacing the energy density, ρ, with the mean value,ρ, in the usual formula for a single-component system, c s = dp dρ
The next question is under which condition we should calculate the derivative (14). Usually one evaluates the sound speed under the adiabatic condition because change of entropy associated with sound-wave propagation is small in most cases of interest. Since it is also * Since the time scale of QCD is much shorter than cosmic expansion scale, the following discussion without the effect of cosmic expansion also applies to our problem as it is.
the condition Jedamzik proposed to adopt [1] , let us first calculate the sound speed in this condition.
The isentropic condition reads
Then combining with the continuity equation (11), we find
wheres is the average entropy density defined bȳ
Since the pressure derivative ofρ is written by dρ dp = f q dρ q dp + (1 − f q ) dρ h dp + (ρ q − ρ h ) df q dp ,
and a similar formula holds fors, we find from (7) and (17) df q dp
at T = T c . Substituting it into (19), we obtain dρ dp
at the coexistence temperature T c . This implies a somewhat surprising result that under the isentropic condition the system behaves like incompressible fluid and the sound speed diverges!
We should not interpret it as a discovery of a new phenomenon but rather that we have simply adopted an inappropriate condition to evaluate the sound velocity. Hence we must find a more appropriate one understanding the dynamics of the phase transition better.
What is often adopted in the literatures [7] apart from the isentropic condition is the conservation of the quality parameter, x, which is the energy fraction of the gas component.
The theoretical sound speed in a water-vapor system evaluated under this condition agrees with experimental values qualitatively [7] . In the present case the corresponding quantity may be defined by the energy fraction of high-energy quark-gluon phase, x q , as
with which df q /dp is expressed as
dx q dp .
Since we cannot measure the sound speed experimentally in our case unlike in a water-vapor system, we must work out the appropriate value of dx q /dp from a theoretical view point alone. Here we propose to calculate the sound speed under the condition dx q /dp = 0. This is appropriate because the transition of the phases through bubble nucleation is totally suppressed at the coexistence temperature as seen in (8) and the expansion speed of bubbles is so small that energy transfer through bubble expansion or contraction is also expected to be negligible during sound-wave propagation.
Therefore we substitute this condition into (19) and find dρ dp xq = 3ρ
We thus obtain the sound speed under the constant-quality condition as
Here y is defined by
where we have used (7) . Since y + 1/y ≥ 2, we find from (25) that the sound speed in the mixed state is indeed smaller than that in the pure radiation and it can be arbitrary small if y is much larger or much smaller than unity. In the present case, however, the actual value of y is given by y = 3.63 for g q = 51.25 and y = 4.44 for g q = 61.75. Hence the reduction of the sound speed is mild and even the minimum sound speed, which is realized at f q = 0.5, is as large as
for g q = 61.75 and 51.25, respectively.
Thus the intuitive claim that c s ≈ 0 is proved to be inappropriate as far as we consider the sound speed at the coexistence temperature. It is true that the coexistence of different phases at the first order phase transition reduces the velocity of the sound wave, its degree in the case of the quark-gluon to hadron QCD phase transition is insignificant and has no drastic effect on the development of cosmological density perturbations.
Turing back to the original expression (19) we see that the only way to realize a vanishingly small sound speed is to have an extremely large value of df q /dp. But this is totally impossible at the coexistence temperature T c since the nucleation rate (8) vanishes then. Nevertheless it may be possible to realize a large value of df q /dp at a smaller temperature when the nucleation rate rises significantly, and the sound speed may become vanishingly small then. Unfortunately, however, in the actual evolution of the universe in the bag model the degree of super cooling is expected to be very small as mentioned above, so even if the sound speed vanished in this era its duration was too short to leave any trace in the spectrum of density fluctuations.
So far we have assumed that the QCD phase transition is of first order and subcritical fluctuation is negligible. If, on the contrary, it were of second order or subcritical fluctuations were effective, the phase transition would proceed keeping equilibrium population between quark-gluon and hadron phases. Under such a circumstance f q would change only mildly against perturbation by sound wave. Thus df q /dp cannot take a large enough value to suppress the sound speed drastically in these cases.
